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The inositol 1,4,5-trisphosphate (IP 3 ) receptor (IP 3 R) is an intracellular Ca 2+ release channel, and its opening is controlled by IP 3 and Ca 2+ . A single IP 3 binding site and multiple Ca 2+ binding sites exist on single subunits, but the precise nature of the interplay between these two ligands in regulating biphasic dependence of channel activity on cytosolic Ca 2+ is unknown. In this study, we visualized conformational changes in IP 3 R evoked by various concentrations of ligands by using the FRET between two fluorescent proteins fused to the N terminus of individual subunits. IP 3 and Ca 2+ have opposite effects on the FRET signal change, but the combined effect of these ligands is not a simple summative response. The bell-shaped Ca 2+ dependence of FRET efficiency was observed after the subtraction of the component corresponding to the FRET change evoked by Ca 2+ alone from the FRET changes evoked by both ligands together. A mutant IP 3 R containing a single amino acid substitution at K508, which is critical for IP 3 binding, did not exhibit this bell-shaped Ca 2+ dependence of the subtracted FRET efficiency. Mutation at E2100, which is known as a Ca 2+ sensor, resulted in w10-fold reduction in the Ca 2+ dependence of the subtracted signal. These results suggest that the subtracted FRET signal reflects IP 3 R activity. We propose a five-state model, which implements a dual-ligand competition response without complex allosteric regulation of Ca 2+ binding affinity, as the mechanism underlying the IP 3 -dependent regulation of the bell-shaped relationship between the IP 3 R activity and cytosolic Ca 2+ .
calcium signal | channel gating | ion channel T he inositol 1,4,5-trisphosphate (IP 3 ) receptor (IP 3 R) is a dualligand-gated Ca 2+ release channel whose opening is controlled by IP 3 and Ca 2+ (1) and which plays a crucial role in the generation of Ca 2+ signals that control numerous cellular processes (2) . Individual IP 3 R subunits possess a single IP 3 binding site (3) and multiple Ca 2+ binding sites (4, 5) , and tetrameric complexes of these subunits form functional IP 3 -gated Ca 2+ release channels (6) . Cytoplasmic Ca 2+ regulates IP 3 R in a biphasic manner: Ca 2+ release is potentiated at low Ca 2+ concentrations but inhibited at higher Ca 2+ concentrations (7, 8) . The stimulatory effect suggests that the channels display the process of Ca 2+ -induced Ca 2+ release, which underlies Ca 2+ spike generation and wave propagation. In other words, the bell-shaped dependence on cytosolic Ca 2+ is the fundamental property of IP 3 R for the generation of Ca 2+ excitability (9) . IP 3 monotonically activates the IP 3 R channels at constant Ca 2+ concentrations (10) , but IP 3 dynamically changes the Ca 2+ sensitivity of the channel (11, 12) . At subsaturating concentrations of IP 3 , the optimal Ca 2+ concentration for IP 3 R modulation becomes lower, whereas at very high concentrations of IP 3 , channel activity persists at supramicromolar Ca 2+ concentrations (11, 12) . This mechanism of dual-ligand regulation of the IP 3 R channel has attracted considerable interest, but the molecular dynamics underpinning this mechanism of IP 3 R channel gating is still controversial. Marchant and Taylor (13) 3 is the functional ligand, inducing conformational changes in the N-terminal IP 3 binding domain that are mechanically transmitted to the opening of the pore through an attachment to the linker region between the fourth and fifth transmembrane regions (17) .
Observation of the conformational changes evoked by IP 3 and/ or Ca 2+ should facilitate understanding of the mechanism responsible for ligand regulation of IP 3 R channel activity. The Nterminal IP 3 binding domain is critical for functional coupling between IP 3 binding and channel opening (17) (18) (19) (20) , and thus the relative position of the N terminus may contain the information that regulates the conductance of the IP 3 R channel. In this study, we detected both IP 3 binding-and Ca 2+ binding-induced conformational changes in the IP 3 R channel by measuring FRET between N-terminally fused fluorescent proteins on individual IP 3 R subunits. We found that the effects of these two ligands on the molecular conformation of the channel are different and that the combined effect is not a simple summative response. This approach offers unique insight into the mechanism of dual-ligand regulation of channel activation and inactivation of IP 3 R.
Results
Fluorescent Protein-IP 3 R Fusion Proteins. To monitor the ligandinduced conformational changes in mouse IP 3 R1, enhanced cyan fluorescent protein (ECFP) or an improved yellow fluorescent protein, Venus, was fused to the N terminus of IP 3 R1 (cR and vR, respectively) (Fig. 1A) . Stable cell lines expressing cR or vR were established from the intrinsic IP 3 R-deficient DT40 cells (21) . Fig.  1B shows the Western blot analysis of the membrane fractions prepared from established cells by using anti-IP 3 R1 monoclonal antibody 18A10 (22) . The measurements of cytosolic Ca 2+ concentration ([Ca 2+ ]) changes evoked by B-cell receptor stimulation showed that both cR and vR retain IP 3 -induced Ca 2+ release activity (Fig. S1 ). Cells expressing both cR and vR also exhibited Ca 2+ increases after B-cell receptor stimulation (Fig. S1 ). The apparent IP 3 binding dissociation constant of vR expressed in Sf9 cells was 21 nM (n = 2), which is consistent with that of wild-type (wt) IP 3 R1 (28.6 nM) (23) . Therefore, the N-terminal fusion did not interfere with the IP 3 binding. IP 3 -gated Ca 2+ release channels are composed with homotetrameric and heterotetrameric complexes (6) . Molecular mass of cR was measured by size-exclusion column chromatography (Fig. 1C) . IP 3 R proteins were solubilized with 0.1% Nonidet P-40 from microsomal membranes prepared from HeLa cells and were applied to a size-exclusion column TSK-gel G4000SW. Exogenously expressed cR was eluted in similar fractions to those of endogenous IP 3 R1 and exogenous wt IP 3 R1 (Fig. 1C) , which was coimmunoprecipitated with cR ( Fig. S2) . These results indicate that fluorescent protein did not interfere with the tetrameric formation of IP 3 R1. Fig. 1D shows the subcellular distribution of cR and vR expressed in the same HeLa cells. ECFP and Venus signals were almost overlapped, suggesting that both cR and vR are similarly distributed on the endoplasmic reticulum (ER) in HeLa cells.
Cytosolic Ca 2+ dependence of fluorescent protein-tagged IP 3 R1 was measured by ER luminal Ca 2+ imaging (Fig. S3 ). As shown in Fig. S3A S3E ). These results indicate that N-terminally fluorescent protein-tagged IP 3 R1 is functional on the ER membrane in permeabilized HeLa cells and that the N-terminal fusion does not alter the Ca 2+ dependence of IP 3 R1 channel activity. The diameter of a tetrameric IP 3 R is w20 nm (24, 25) . When both cR and vR exist within a single tetramer, FRET from ECFP to Venus may occur because the Förster distance-the distance at which FRET efficiency is 50%-of the pair of ECFP and Venus is w5 nm. By acceptor (Venus) photobleaching (Fig. S4A) , the ECFP fluorescence intensity was increased to 118.0 ± 8.8% in HeLa cells expressing both cR and vR (n = 92). In HeLa cells transiently expressing cR or vR, the amount of exogenous fluorescent IP 3 R1 proteins was comparable with that of endogenous IP 3 R1 (Fig. S4B ). These results indicate that a substantial amount of tetrameric IP 3 R complexes contain cR and vR and that the intermolecular FRET between cR and vR occurs in HeLa cells.
Measurements of FRET Efficiency at Various Ligand Conditions.
To measure IP 3 -dependent conformational changes of IP 3 R1, HeLa cells expressing both cR and vR were permeabilized with 60 μM β-escin after treatments with 10 μM phospholipase C inhibitor U73122 and 1 μM thapsigargin, and then internal solutions containing various concentrations of free IP 3 were applied. As shown in Fig. 2A , IP 3 slightly increased the Venus/ECFP emission ratio (FRET signal). In contrast, the physiological concentration of free Ca 2+ in cytosol significantly decreased the FRET signal (Fig. 2B ). The maximal normalized FRET signal change (ΔR/R 0 ) evoked by IP 3 and Ca 2+ was 6.4% and −26.7%, respectively, and the apparent IP 3 and Ca 2+ sensitivity was 39 ± 25 and 122 ± 19 nM, respectively ( Fig. 2 C and D) . In the presence of Ca 2+ , the application of IP 3 decreased the apparent Ca 2+ sensitivity of the FRET signals in an IP 3 dose-dependent manner (Fig. 2B) . The results of dual-ligand application are summarized in Fig. 2E . Because the permeabilization treatment prevented the formation of IP 3 R1 clusters on the ER (26), but did not inhibit IP 3 -induced Ca 2+ release (Fig.  S3 ), we consider that these FRET signals reflect conformational changes accompanying the channel gating of IP 3 R subunits.
From the slight convexity of the surface of the 3D plot (Fig.  2E) , we noticed that the residual signals after the subtraction of Ca 2+ -induced FRET signal changes measured without IP 3 from those measured with IP 3 exhibit a bell-shaped Ca 2+ dependence with a peak within a physiological range of Ca 2+ (Fig. 3A) . The peak level of the residual signal increased and the Ca 2+ con- dependence of single-channel open probability of cerebellar IP 3 R recorded in planar lipid bilayers (7, 11) . The residual signals after the subtraction of the IP 3 -independent, Ca 2+ -induced FRET signals were not detected in HeLa cells expressing IP 3 binding-deficient K508A mutants (Fig. 3C) . These results indicate that the residual signals were evoked by IP 3 binding to IP 3 R1. The substitution of E2100 induced a 10-fold lower shift in Ca 2+ sensitivity for both Ca 2+ -dependent activation and inactivation of IP 3 R1 when reconstituted into planar lipid bilayers (15, 16) . The residual signals in the E2100Q mutant also showed a bell-shaped Ca 2+ dependence with w10-fold lower Ca 2+ sensitivity compared with that of the wt channel (Fig. 3D ). All these data strongly suggest that the positive FRET signal (i.e., increased FRET efficiency), which was uncovered by the subtraction of the IP 3 -independent Ca 2+ -induced FRET signal, directly reflects the conducting activity of IP 3 R1.
Construction of a Phenomenological IP 3 R Model. In this study, we found that the activity of the IP 3 R1 channel is proportional to the subtracted FRET signal, as follows:
where sFRET is a subtracted FRET signal, FRET IP 3 is the FRET signal in the presence of IP 3 , and FRET 0 is the FRET signal in the absence of IP 3 . When we use the Hill equation to fit the measured FRET signals with or without IP 3 , we can express sFRET by the following equation:
where a is the maximal FRET change of −26.7% (Fig. 4A) , and b is the apparent Ca 2+ affinity of the FRET signal in the absence of IP 3 , which was estimated to be 1.33 × 10 −7 M ( Fig. 4D ; see below). The Hill coefficient is independent of [IP 3 ] and was estimated to be 4 (Fig. 4B) . B 0 (IP 3 ) is the FRET signal in the absence of Ca 2+ and is a function of [IP 3 ] (Fig. 4C) . B 0 (IP 3 ) can be expressed as
where c is the maximal FRET change in the absence of Ca 2+ and was estimated to be 14.80% (Fig. 4C) , d is the apparent IP 3 affinity in the absence of Ca 2+ and was estimated to be 8.79 × 10
M (Fig. 4C) , and the Hill coefficient was estimated to be 0.24 (Fig. 4C) . K(IP 3 ) is the apparent Ca 2+ affinity of the FRET signal and is a function of [IP 3 ] (Fig. 4D) . K(IP 3 ) can be expressed as
where e is the minimum apparent Ca 2+ affinity and was estimated to be 4.36 × 10 −7 M (Fig. 4D) , and f is the apparent IP 3 affinity and was estimated to be 4.70 × 10 −7 M (Fig. 4D ). (Fig.  S5) , which was shown previously by using cerebellar IP 3 R reconstituted into planar lipid bilayers (11) .
Discussion
In this study, we applied an optical technique to monitor conformational changes in IP 3 R channels and found that IP 3 and Ca
2+
have opposite effects on FRET signal changes. IP 3 binding Table S1 .
increases FRET efficiency, indicating that differentially tagged N termini within a single tetrameric channel are brought closer together by changing the distance and/or angle between them. In contrast, Ca 2+ binding functions to decrease FRET efficiency, indicating that Ca 2+ binding induces a relaxation of tetrameric channel complexes. This Ca 2+ -induced decrease in FRET efficiency is consistent with the results of single particle analysis showing that purified IP 3 R tetramers change their shape from a tight "square" form to a relaxed "windmill" form after Ca 2+ binding (25, 27) . In this study, the magnitude of the FRET change evoked by Ca 2+ was larger than that evoked by IP 3 ( Fig.  2 C and D) , a feature consistent with the results of single particle analysis in which the effect of IP 3 addition on IP 3 R conformation was undetectably small (25, 27) . In the presence of both IP 3 and Ca 2+ , the conformational changes within the channel subunits are not a simple summation of those evoked by each ligand, because the dual-ligand-induced FRET signal changes were not as predicted for a summative response, as shown in Fig. 5A . The same concentration of IP 3 induced different degrees of FRET signal change depending on the concentration of Ca 2+ (Fig. 5B) . A remarkable finding in this study was that, after subtraction of the FRET signal corresponding to the Ca 2+ induced conformational change from the FRET signal corresponding to the gross conformational change evoked by IP 3 and Ca 2+ together, a bell-shaped dependence of FRET signal changes on cytosolic Ca 2+ was revealed (Fig. 3A) . The other important finding is that the maximal FRET signal changes evoked by Ca 2+ were not affected by IP 3 concentration (Fig. 3A) . If the maximal signal was increased by the addition of IP 3 , the subtracted signal showed negative values at high [Ca 2+ ] (Fig. 5C ). The analyses of the mutant IP 3 R channels suggest that the subtracted FRET signal approximates the conducting activity of the channel (Fig. 3 C and D) . These results demonstrate that the relative position of the N termini provides information concerning the gating activity of the tetrameric IP 3 R channel complex.
The findings in this study allowed us to construct a phenomenological model (Eqs. ] >1 μM (7), whereas IP 3 Rs in patch-clamped outer nuclear membranes are inhibited at [Ca 2+ ] >10 μM (12). Purified IP 3 R reconstituted into planar lipid bilayers (28) and IP 3 R exposed to low [Ca 2+ ] (<5 nM) for a few minutes before patch-clamp experiments (29) were not inhibited at high [Ca 2+ ]. These results indicate that the sensitivity to Ca 2+ inhibition is not an intrinsic property of the IP 3 R channel and is actively or passively regulated in individual cells. Therefore, parameters in Eq. 2 should be specific for the cell types examined. We demonstrated that our model, based on the results obtained from permeabilized HeLa cells, is applicable to single-channel data measured from IP 3 R reconstituted into planar lipid bilayers by tuning the Hill coefficient in Eq. 2 and the parameters c, e, and f (Fig. S5) . The parameter c is the maximal FRET change in the absence of Ca 2+ (Eq. 3) and determines the channel activity at zero Ca
. The parameter e is the minimum apparent Ca 2+ affinity and determines the lower limit of the sensitivity of Ca 2+ inhibition (Eq. 4). The parameter f is the apparent IP 3 affinity of the channel (Eq. 4). The Hill coefficient in Eq. 2 reflects the degree of cooperativity of Ca 2+ binding. Identification of the factors that affect these parameters will facilitate understanding of the mechanism for generating diversity in the Ca 2+ sensitivity of the channel. What can we extrapolate about the gating mechanism of the IP 3 R channel from the phenomenological model? The first term of Eq. 2 contains K(IP 3 ) that corresponds to the apparent sensitivity of the FRET signal to Ca 2+ in the presence of IP 3 . Because K(IP 3 ) is a function of [IP 3 ] (Fig. 4D) , it is possible to consider that IP 3 binding reduces the intrinsic affinity of Ca 2+ binding sites on the IP 3 R molecule for Ca 2+ , as proposed previously (12) . However, this relatively simple interpretation is unlikely because the Ca 2+ -dependent activation of the channel occurs within a range of [Ca 2+ ] where the FRET signal is almost constant in the presence of IP 3 . For example, the IP 3 R channel was markedly activated with 0.13 μM Ca 2+ in the presence of 1 μM IP 3 (7), even though 0.13 μM Ca 2+ is well below the EC 50 value of FRET change in the presence of 1 μM IP 3 (w0.38 μM; Fig. 3A ). In addition, if the IP 3 binding selectively reduces the intrinsic Ca 2+ affinity of the binding sites responsible for Ca 2+ -dependent inactivation without changing the affinity of the sites responsible for activation (12) or uncovers a hidden highaffinity Ca 2+ binding site for channel activation (13) , changes in the Hill coefficient (Fig. 4B) and the maximal FRET signal (Fig.  4A ) must be altered depending on [IP 3 ]. Therefore, we have formulated the alternate hypothesis of a dual-ligand regulation mechanism of IP 3 R channel gating. Fig. 5D shows a state model that can reproduce the results of the FRET measurements from this study. In this model, four Ca 2+ ions and a single IP 3 molecule can bind to a single tetrameric channel. To reproduce the steep Ca 2+ dependence (Hill coefficient = 4) (Fig. 4B) , two Ca 2+ ions are assumed to bind instantaneously. IP 3 binding increases the FRET signal according to Eq. 3, irrespective of the binding of the first two Ca 2+ ions (R 001 and R 201 ; Fig. 5D ). The binding of two Ca 2+ ions alone does not change the FRET signal (R 200 , Fig. 5D ), whereas the binding of the subsequent two Ca 2+ ions decreases the FRET signal to −26.7% (R 220 in Fig. 5D ). This relatively simple model can reproduce the experimental results of the FRET measurements made in this study (Fig. 5E) (30) (31) (32) . Our model, however, can reproduce IP 3 -dependent reduction of apparent Ca 2+ sensitivity of the channel, whereas the previous four-state models were constructed based on the steady-state bell-shaped Ca 2+ dependence of IP 3 R at a fixed concentration of IP 3 (2 μM). Remarkably, the number of states in our model is drastically smaller than that of previous models, which can reproduce IP 3 -dependent reduction of Ca 2+ sensitivity, composed of 4,096 (11) or 3,750 (14) states.
We show here that the subtracted FRET signal reflects the activity of the IP 3 R channel. Which states are active in the model proposed? Foskett and colleagues (14) showed that IP 3 R exhibits IP 3 -independent spontaneous opening in the absence of Ca 2+ . These observations suggest that R 000 and R 001 possess an indistinguishable low open probability. We found that the subtracted FRET signal is a good approximation of the sum of the fraction of the state of R 201 and 0.075-fold of the fraction of the states of R 000 and R 001 (Fig. S6) . These results indicate that (i) R 201 is the main conducting open state; (ii) R 000 and R 001 are open states with a low open probability; and (iii) R 220 is an inactivated state.
The state in which all of the ligand binding sites are occupied, R 221 , is not present in the model shown in Fig. 5D . Therefore, high concentrations of Ca 2+ prevent IP 3 binding to the receptor in this model. This specific property is consistent with the previous experimental observations in which IP 3 binding to recombinant IP 3 R1 expressed in Sf9 cells was examined under various concentrations of Ca 2+ (23, 33) . Our model shows that IP 3 binding prevents binding of Ca 2+ to the inactivation sites and that, re- ciprocally, Ca 2+ binding to the inactivation sites prevents IP 3 binding. Thus, there is no direct transition between the active R 201 state and the inactive R 220 state. We propose that this dual-ligand competition is the main mechanism underlying the IP 3 -dependent regulation of the bell-shaped relationship between IP 3 R gating and cytosolic Ca 2+ . This dual-ligand competition model reproduces the experimental results obtained by the FRET measurement without assuming a complex allosteric regulation of the affinity and function of Ca 2+ binding sites as proposed previously (14) . Single particle analysis has suggested that Ca 2+ binding induces structural transition from the tight square form to the relaxed windmill form (25, 27) , but the relationship between the receptor structure and its function has not been examined. In this study, we found that the relaxed state (R 220 , which may correspond to the windmill form) is an inactivated state, whereas the square form contains the active conducting state, R 201 (Fig. 5D ). There are multiple Ca 2+ binding sites within a single IP 3 R subunit (4, 5) . The Ca 2+ sensitivity of the FRET signal of the E2100Q mutant was reduced to 4.07 μM (from 122 nM in the wt channel) (Fig. 3D) . The Hill coefficient was also reduced to 1.2, from 4 in the wt channel. However, the maximal FRET signal change of E2100Q was not altered (Fig. 3D) . These results suggest that E2100 is involved in the Ca 2+ binding site responsible for the first two Ca 2+ ions that are involved in channel activation (Fig. 5D ). Our analysis unveiled that there are two different types of Ca 2+ binding site within IP 3 R: low-affinity sites responsible for channel activation and high-affinity sites responsible for channel inactivation. The four Ca 2+ binding sites proposed in this study are the minimal requirement. The measurement of the FRET signal used in this study will be useful for the identification of Ca 2+ binding sites involved in both the channel activation and inactivation and will further our understanding of the molecular basis of IP 3 R gating.
Materials and Methods
HeLa cells expressing cR and vR were treated with 10 μM U73122 for 5 min and then with 1 μM thapsigargin for 5 min in balanced salt solution (BSS; 115 mM NaCl, 5.4 mM KCl, 1 mM MgCl 2 , 10 mM glucose, and 20 mM Hepes-KOH, pH 7.4 at 37°C) at 37°C. After washing three times with BSS containing 5 mM EGTA, cells were permeabilized with 60 μM β-escin in the internal solution (19 mM NaCl, 125 mM KCl, 10 mM Hepes-KOH, pH 7.4 at 37°C) containing 5 mM EGTA for 3-5 min. Permeabilized cells were gently washed with the internal solution containing 5 mM EGTA. Free Ca 2+ concentrations in the internal solutions were adjusted with K 2 HEDTA and CaHEDTA at 37°C according to the described method (28) . Fluorescent signals were acquired with an IX-71 or IX-81 inverted microscope (Olympus), a cooled CCD camera ORCA-ER (Hamamatsu Photonics), and a 40× (n. a., 1.35) objective lens (Olympus), as described (34) . A 425-445 nm excitation filter and a pair of 460-to 510-nm (ECFP) and 525-to 5,650-nm (Venus) emission filters were used. The images were captured at every 2-30 s with an exposure time of 100-150 ms. The emission ratio was calculated after subtraction of the background fluorescence. The Venus/ECFP emission ratio was defined as R, and ΔR was defined as R − R 0 , where R 0 is the basal level. Cells showing the initial ratio of 1.50 ± 0.37 (from 0.90 to 3.54; n = 3,295) were used for FRET measurements. The data acquisition was performed with TI Workbench and MetaMorph/MetaFluor software (Molecular Devices). Off-line analysis was performed with TI Workbench and Igor Pro software.
Other methods are provided in SI Materials and Methods.
